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Abstract — Caffeic  acid  phenethyl  ester  (CAPE),  a  natural  polyphenolic  compound  with  many  biological  activities,  has  been  shown 
to  be  protective  against  ischemia-reperfusion  injury.  We  have  synthesized  six  new  catechol  ring-fluorinated  CAPE  derivatives  and 
evaluated  their  cytotoxic  and  cytoprotective  effects  against  menadione-induced  cytotoxicity  in  human  umbilical  vein  endothelial 
cells.  These  results  provide  some  insights  into  the  structural  basis  of  CAPE  cytoprotection  in  this  assay,  which  does  not  appear 
to  be  based  solely  on  direct  antioxidant  properties. 

©  2006  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Caffeic  acid  phenethyl  ester  (CAPE)  is  a  polyphenolic 
plant  product  concentrated  in  honeybee  propolis. 
CAPE’s  reported  biological  properties  include  cancer- 
preventive,1  antitumor,2  anti-HIV,3  immunomodulato¬ 
ry,4  anti-inflammatory,5  and  antioxidant  effects.6 
Recently,  in  animal  models  CAPE  has  been  shown  to 
ameliorate  ischemia/reperfusion  (I/R)  injury  in  intes¬ 
tine,7  spinal  cord,8  kidney,9  ovary,10  myocardia,11  and 
lung.12  In  addition,  acute  administration  of  CAPE  sup¬ 
pressed  I/R-induced  lipid  peroxidation  and  injury  in 
rat  brain  and  kidney  better  than  ot-tocopherol.13-14 
The  mechanism  providing  CAPE  cytoprotection  in  1/R 
injury,  however,  has  not  been  determined. 

One  of  the  most  generally  accepted  mechanisms  for  the 
pathology  of  ischemia-reperfusion  injury  is  the  produc¬ 
tion  of  the  reactive  oxygen  species  (ROS)  superoxide 
anion,  hydrogen  peroxide,  and  hydroxyl  radical.15-16 
An  important  target  of  I/R  injury  are  endothelial  cells 
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(EC).  Damage  to  EC  following  I/R  injury  leads  to  delays 
in  recovery  due  to  poor  supply  of  nutrients,  removal  of 
waste  products,  and  reduction  in  the  ability  of  mononu¬ 
clear  cell  immigration  to  repair  injured  tissue.  Therefore, 
EC  provides  a  useful  target  for  modeling  of  cytoprotec- 
tants  against  I/R  injury  in  vitro.  Menadione-induced 
oxidative  stress  involves  the  stimulated  production  of 
ROS  by  redox  cycling  and  has  been  used  as  a  model 
for  evaluating  the  effects  of  oxidative  stress  in  EC, 
including  induction  of  apoptosis,17-18  and  in  assessing 
the  antioxidant  activity  of  cytoprotectants.19 

Despite  the  wide  variety  of  biological  activities  associat¬ 
ed  with  CAPE,  only  limited  structural  analogues  have 
been  examined,20  especially  those  incorporating  modifi¬ 
cations  to  the  caffeic  acid  catechol  ring.21  We  are  una¬ 
ware  of  any  fluorinated  CAPE  derivatives  in  the 
literature.  Ring-fluorinated  derivatives  of  other  cate¬ 
chol-containing  drugs  may  display  a  ‘fluorine-effect,’  in 
which  the  position  of  the  fluorine  ring  substituent  has 
a  profound  impact  on  the  receptor  binding  or  selectivi¬ 
ty.22  To  better  understand  the  structural  origin  of  the 
cytoprotective  effect  of  CAPE,  we  synthesized  six  new 
fluorinated  CAPE  derivatives.  In  addition  to  providing 
structure-activity  information,  these  fluorinated  CAPE 
derivatives  may  display  altered  metabolic  lability.  The 
introduction  of  fluorine  on  the  catechol  ring  exerts  a 
negative  inductive  effect,  increases  the  electronic  density 
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in  this  conjugated  system,  strengthens  the  ester  bond, 
and  can  diminish  interactions  with  catechol  methyl- 
transferase.23  Since  the  number  of  hydroxyl  groups 
within  CAPE  catechol  moiety  may  also  play  an  impor¬ 
tant  role  in  antioxidant  activity,24,25  we  also  examined 
the  effect  of  replacing  one  of  these  hydroxyl  groups  with 
a  fluorine  or  hydrogen,  or  methylating  one  or  both  cat¬ 
echol  hydroxyl  groups,  on  the  cytoprotective  activity  of 
the  resulting  analogues. 


2.  Results 

2.1.  Synthesis 

A  Wittig  coupling  approach  was  taken  to  elaborate  a 
number  of  fluorinated  analogues  of  CAPE  (Table  1). 
The  required  fluorinated  benzaldehydes  (2a-f)  were 
either  commercially  available  or  easily  prepared  through 
demethylation  of  commercially  available  aldehydes  with 
boron  tribromide  (Fig.  1).  The  demethylated  aldehydes 
were  employed  directly  in  the  subsequent  Wittig  reac¬ 
tion  employing  the  phenethyloxycarbonylmethyl-triphe- 
nyl-phosphonium  chloride  4,  which  was  prepared  as 
described  in  the  literature.213  In  case  of  2-fluoro-4,5- 
dimethoxybenzaldehyde  2d,  demethylation  with  one 
equivalent  of  boron  tribromide  afforded  a  mixture  of 
4-  and  5-monomethylated  aldehydes  along  with  some 
remaining  4,5-dimethylated  starting  material.  This  mix¬ 
ture  was  used  directly  in  the  Wittig  reaction  to  give  a  low 
yield  of  the  monomethylated  CAPE  derivative  3f,26 
along  with  a  small  amount  of  the  2-fluoro-dimethyl 
CAPE  analogue  3d.  The  remaining  fluorinated  CAPE 
analogues  were  isolated  in  good  yield  after  column  chro¬ 
matography  and  recrystallization.  All  of  the  isolated 
CAPE  analogues  were  characterized  by  1 H  and 
13C  NMR  and  low-  and  high-resolution  mass  spectro¬ 
metry.  All  CAPE  derivatives  gave  satisfactory  elemental 
analyses.  In  agreement  with  the  results  reported  by  oth¬ 
ers,213  the  ( E)/(Z )  ratio  of  the  CAPE  analogues  prepared 
in  this  way  was  generally  >9:1,  as  judged  by  'H  NMR. 


Two  series  of  CAPE  analogues  were  prepared,  those 
bearing  a  fluorine  at  the  3-position  of  the  caffeic  acid 
catechol  ring  (3a-c)  and  those  with  fluorine  at  the  2-po¬ 
sition  ( 3d— f ) .  In  addition  to  variation  in  the  position  of 
fluorination,  analogues  were  prepared  in  which  one 
(3a,  3f)  or  both  (3d)  of  the  hydroxyl  groups  of  the  cate¬ 
chol  functionality  of  CAPE  were  methylated.  We  also 
examined  an  analogue  in  which  one  of  the  catechol 
hydroxyl  groups  was  replaced  with  a  fluorine  (3c). 

2.2.  Cytotoxicity  of  CAPE  and  fluorinated  CAPE 
analogues 

CAPE  and  the  fluorinated  CAPE  analogues  were  initial¬ 
ly  assayed  for  cytotoxic  effects  in  HUVEC  at  the  concen¬ 
trations  to  be  employed  in  cytoprotection  studies. 
HUVEC  were  incubated  in  the  presence  of  these  com¬ 
pounds  at  5.  10,  and  15  pg/ml  for  24  h,  and  the  extent 
of  cell  viability  was  determined  versus  vehicle-treated 
control  cells  using  the  Alamar  blue  assay.27  Cell  viability 
less  than  90%  of  control  was  considered  toxic.  The  re¬ 
sults,  shown  in  Figure  2,  demonstrate  that  while  CAPE, 
3b,  3e,  3a,  and  3f  were  toxic  at  the  highest  concentration 
examined  (15  pg/ml),  the  analogues  3d  and  3c  showed 
no  toxicity  at  any  tested  concentrations.  It  was  found 
that  3b  was  less  cytotoxic  at  10  pg/ml  than  at  5  and 
15  pg/ml.  The  origin  of  this  phenomenon  is  not  known; 
however,  such  non-monotonic  dose-responses  have 
been  reported  for  other  compounds28  including  caffeic 
acid.29 

2.3.  Cytotoprotection  against  menadione-induced  oxida¬ 
tive  stress 

We  developed  an  in  vitro  model  of  oxidative  injury  by 
assessing  the  ability  of  CAPE  and  CAPE  analogues  to 
prevent  the  cytotoxic  effects  of  menadione  on  human 
umbilical  vein  endothelial  cells  (HUVEC).  Menadione 
treatment  of  HUVEC  for  24  h  resulted  in  a  concentra¬ 
tion-dependent  decrease  in  cell  viability  as  measured 
by  the  Alamar  blue  assay  (Fig.  3).  The  lowest  dose  of 


Table  1.  Synthesis  of  fluorinated  CAPE  analogues 
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Low  yields  are  due  to  compound  losses  during  repeated  chromatography  required  to  separate  3d  and  3f  from  the  reaction  product  of  crude  2f,  which 
contained  some  of  the  fully  methylated  2d. 
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Figure  2.  The  cytotoxicity  of  CAPE  and  its  derivatives  toward  HUVEC.  HUVEC  were  incubated  with  CAPE  at  the  indicated  concentrations  for  24  h 
and  the  number  of  viable  cells  was  determined  by  Alamar  blue  assay.  Values  are  reported  as  mean  ( n  =  3)  percent  of  untreated  control  with  error  bars 
showing  the  standard  deviation.  Asterisks  indicate  significant  cytotoxicity  relative  to  no  treatment  (P  >  0.05). 


Menadione  (pM) 

Figure  3.  Menadione  shows  dose-dependent  cytotoxicity  in  HUVEC.  HUVEC  were  incubated  with  menadione  for  24  h  at  the  indicated 
concentrations  for  24  h  and  (he  number  of  viable  cells  was  determined  by  Alamar  blue  assay.  Values  are  reported  as  mean  (n  =  3)  percent  of 
untreated  control  with  error  bars  showing  the  standard  deviation.  The  lowest  dose  of  menadione  causing  90%  loss  in  cell  viability  (e.g.,  30  pM)  was 
employed  in  the  cytoprotection  assays.  Asterisks  indicate  significant  cytotoxicity  relative  to  no  treatment  ( P  >  0.05). 
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jjg/ml  CAPE 

Figure  4.  CAPE  cytoprotection  against  menadione  in  HUVEC.  Cells 
were  pre-treated  with  CAPE  at  the  indicated  concentration  for  6  h 
prior  to  incubation  with  30  pM  menadione  and  the  remaining  viable 
cells  were  determined  by  Alamar  blue  assay.  Values  are  reported  as 
mean  (n  =  3)  percent  of  untreated  control  with  error  bars  showing  the 
standard  deviation.  CAPE  at  2.5  and  5  pg/ml  provided  maximal 
cytoprotection  to  about  60%  of  untreated  cells  ( P  <  0.001). 

menadione  that  reduced  cell  viability  to  about  10%  of 
untreated  cells  (ca.  30  pM)30  was  employed  for  the  cyto¬ 
protection  assays  of  CAPE  and  its  analogues. 

Pretreatment  with  CAPE  (0.1,  1,  2.5,  and  5  pg/ml)  for 
6  h,  prior  to  menadione  treatment  for  24  h,  produced 
dose-dependent  cytoprotection  against  oxidative  injury 
(Fig.  4).  The  maximal  protection,  obtained  at  5  pg/ml 
CAPE,  resulted  in  >60%  cell  viability.  At  10  pg/ml, 
CAPE’s  cytoprotective  effect  decreased,  perhaps  due  to 
some  cytotoxic  effect  of  CAPE  at  this  higher 
concentration. 

The  morphology  of  menadione-treated  HUVEC  is 
shown  in  Figure  5.  HUVEC  controls  (Fig.  5A,  0.1% 
DMSO  for  24  h)  exhibit  normal  mitotic  cells.  Menadi¬ 
one-treated  HUVEC  (Fig.  5B,  30  pM  menadione  for 
24  h)  display  significant  shrinkage  and  fragmentation, 
morphological  characteristics  of  apoptosis.  HUVEC 
pretreated  with  5  pg/ml  CAPE  6  h  before  menadione 
treatment  exhibit  relatively  normal  cell  morphology 
with  few  cells  undergoing  apoptosis  (Fig.  5C). 

Almost  all  CAPE  derivatives  showed  dose-dependent 
cytoprotection  against  menadione-mediated  cytotoxici¬ 
ty  in  HUVEC  to  some  extent  except  for  3b.  The 
dose-dependent  cytoprotection  profiles  for  all  of  the 
CAPE  derivatives  are  shown  in  Figure  6.  Compared 
to  CAPE,  CAPE  analogues  3a,  3c,  3d,  and  3f  display 
continued  cytoprotective  effects  even  at  the  highest 
concentrations,  10  or  15  pg/ml.  In  contrast,  other  struc¬ 
turally  related  antioxidants  such  as  caffeic  acid,  ethyl 
ferulate,  propyl  gallate,  chlorogenic  acid,  and  rosmari- 
nic  acid  did  not  display  any  cytoprotective  effect  in  this 
assay  at  15  pM  (data  not  shown).  Within  the  same  pas¬ 
sage  of  HUVEC,  we  compared  CAPE  and  its  deriva¬ 
tives’  cytoprotection  at  their  maximal  cytoprotective 
dose  as  shown  in  Figure  7.  CAPE  analogue  3e  showed 
no  significant  difference  in  cytoprotection  from  CAPE. 
Compounds  3a,  3c,  3d,  and  3f  displayed  less  cytopro¬ 
tective  effects  than  CAPE,  and  compound  3b  had  no 
protection  for  HUVEC. 


Figure  5.  Morphology  of  HUVEC  treated  with  0.1%  DMSO  (A), 
30  pM  menadione  alone  (B),  or  pretreated  with  5  pg/ml  CAPE  for  6  h 
before  incubation  with  30  pM  menadione  (C)  for  24  h.  (A)  Cells 
undergoing  normal  mitosis  are  indicated  with  an  arrow.  (B  and  C) 
Apoptotic  cells  are  indicated  by  arrows.  HUVEC  were  protected  by 
CAPE  pretreatment  against  menadione  toxicity,  as  shown  by  much 
less  cell  damage  and  fewer  apoptotic  cells. 

3.  Discussion 

In  accord  with  previous  reports  of  CAPE’s  protective 
role  in  I/R  injury, 7-14  we  demonstrate  here  that  CAPE 
is  cytoprotective  against  menadione-induced  oxidative 
stress  in  HUVEC.  Pretreatment  of  HUVEC  with  CAPE 
protects  these  cells  from  the  cytotoxic  effects  of  menadi- 
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Figure  6.  Dose-dependent  cytoprotection  by  CAPE  derivatives.  HUVEC  were  incubated  with  CAPE  analogues  for  6  h  at  the  indicated 
concentrations  prior  to  menadione  treatment.  CAPE  analogues  were  (A)  3a;  (B)  3b;  (C)  3c;  (D)  3d;  (E)  3e;  and  (F)  3f.  Values  are  reported  as  mean 
(n  =  3)  percent  of  untreated  control  with  error  bars  showing  the  standard  deviation.  Asterisks  indicate  significant  protective  effects  against 
menadione-caused  injury  relative  to  no  pretreatment  ( P  >  0.05). 


one.  The  maximal  protection,  at  5  pg/ml  of  CAPE,  re¬ 
sults  in  60%  cell  viability  compared  to  menadione- 
untreated  cells.  At  higher  concentrations  of  CAPE,  less 
cytoprotection  is  observed,  which  may  be  related  to  the 
cytotoxicity  of  CAPE  to  HUVEC  at  concentrations 
>10  pg/ml.  Interestingly,  antioxidant  compounds  struc¬ 
turally  related  to  CAPE,  such  as  caffeic  acid,  failed  to 
protect  HUVEC  from  menadione-induced  cytotoxicity. 
While  the  molecular  mechanism  of  this  cytoprotection 
by  CAPE  is  not  known,  we  note  that  the  apoptosis  of 
HUVEC  induced  by  menadione  treatment  is  also  pro¬ 
tected  against  by  CAPE  (Fig.  5). 

While  a  variety  of  CAPE  derivatives  have  been  pre¬ 
pared,20  relatively  few  analogues  have  been  explored 
in  which  the  catechol  ring  is  substituted,21  and  no  cat¬ 
echol-ring  fluorinated  CAPE  derivatives  have  been 
previously  reported.  Previous  studies  of  fluorinated 


catechols  have  shown  that  fluorine  substitution  at  par¬ 
ticular  positions  can  have  a  profound  impact  on 
receptor  binding,23  although  this  is  not  always  the 
case.22b  Fluorine  substitution  can  also  diminish  the 
susceptibility  of  catechols  to  metabolism  by  meth- 
yltransferases.23c  As  shown  in  Figure  1  and  Table  1, 
the  preparation  of  the  fluorinated  CAPE  derivatives 
is  relatively  straightforward  due  to  the  commercial 
availability  of  a  number  of  fluorinated  methoxybenzal- 
dehydes,  which  can  be  easily  demethylated  and  imme¬ 
diately  subjected  to  Wittig  coupling.  The  methylated 
CAPE  derivatives  derived  from  direct  Wittig  coupling 
of  these  aldehydes  were  also  prepared.  With  the  estab¬ 
lishment  of  menadione-induced  oxidative  stress  in 
HUVEC  as  a  model,  we  were  able  to  study  the  rela¬ 
tionship  between  CAPE  structure,  specifically  catechol 
ring  fluorination  and  methylation,  and  cytoprotection 
against  I/R-like  injury  in  vitro. 
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Figure  7.  Comparison  of  CAPE  and  CAPE  analogues’  maximal 
cytoprotection  against  menadione-induced  oxidative  stress.  CAPE: 
5  pg/ml;  3e:  5  pg/ml;  3b:  10  pg/ml;  3a:  10  pg/ml:  3f:  10  pg/ml;  3c:  10  pg / 
ml;  3d:  15  pg/ml.  Values  are  reported  as  mean  (n  =  3)  percent  of 
untreated  control  with  error  bars  showing  the  standard  deviation. 
Asterisks  indicate  significant  protective  effects  against  menadione- 
caused  injury  relative  to  no  pretreatment  ( P  >  0.05).  Pound  signs 
indicate  significant  difference  relative  to  CAPE  pre-treated  cells 
(P  <  0.05). 


We  first  note  that  the  cytotoxicity  of  these  CAPE  ana¬ 
logues  toward  HUVEC  is  not  correlated  with  the  position 
of  the  fluorine  substitution.  The  2-fluoroCAPE  derivative 
3e  and  the  3-fluoro  CAPE  derivative  3b  are  cytotoxic  at 
>10  |Tg/ml  (Fig.  2),  as  is  CAPE  itself.  In  contrast,  deriva¬ 
tives  that  lack  CAPE’s  catechol  functionality,  such  as  the 
2-fluoro-4, 5-dimethyl  analog  3d  and  the  fluorophenol  3c, 
are  less  cytotoxic  than  CAPE  at  the  highest  concentra¬ 
tions  examined  (15  pg/ml)  (Fig.  2). 

The  cytoprotection  studies  demonstrate  that  the  posi¬ 
tion  of  fluorine  substitution  on  the  CAPE  catechol  ring 
can  have  a  significant  effect  on  the  ability  of  these  deriv¬ 
atives  to  protect  against  menadione-mediated  oxidative 
stress.  The  presence  of  a  fluorine  at  the  2-position  of 
the  catechol  ring  (3e)  results  in  dose-dependent  cytopro¬ 
tection  (Fig.  6e)  at  a  level  that  is  the  same  as  that  of 
CAPE  (Fig.  7).  In  contrast,  the  presence  of  a  fluorine 
at  3-position  (3b)  completely  abolishes  cytoprotective 
activity  (Fig.  6b).  The  catechol  functionality  of  CAPE 
and  related  antioxidants  has  been  reported  to  be  in¬ 
volved  in  cytoprotection  through  metal  ion  chelation.31 
In  our  studies,  fluorinated  CAPE  derivatives  in  which 
the  catechol  functionality  of  CAPE  is  methylated  or  re¬ 
placed  with  a  phenol  also  display  cytoprotection.  Both 
2-  and  3-fluoromonomethyl  CAPE  derivatives  3f  and 
3a,  respectively,  retain  cytoprotective  activity,  although 
the  maximal  cytoprotection  by  these  analogues  is  less 
than  that  by  CAPE.  Interestingly,  the  2-fluorodimethyl 
CAPE  derivative  3d  and  3-fluoro-4-hydroxy  CAPE 
analogue  3c  are  also  both  cytoprotective,  and  these  ana¬ 
logues,  which  are  not  cytotoxic  at  higher  concentrations, 
do  not  show  the  diminution  in  cytoprotection  at  higher 
concentrations  observed  for  CAPE. 


4.  Conclusions 

The  results  presented  here  demonstrate  that  CAPE  is 
cytoprotective  against  menadione-induced  HUVEC 


cell  death.  Some  of  the  fluorinated  CAPE  analogues 
examined  here  are  as  cytoprotective  as  CAPE,  but  a 
number  of  other  naturally  occurring  antioxidants  do 
not  show  this  cytoprotective  effect.  While  none  of 
the  fluorinated  analogues  examined  here  display  cyto¬ 
protective  effects  greater  than  CAPE  at  similar  con¬ 
centrations,  some  less  toxic  and  potentially  more 
metabolically  stable  analogues  have  been  identified. 
In  addition,  the  cytoprotection  data  described  here 
provide  some  insight  into  the  structural  basis  for 
CAPE  cytoprotection.  CAPE  is  known  as  a  potent 
antioxidant,  and  the  cytoprotection  that  we  observe 
against  menadione-induced  cell  death  may  be  related 
to  its  antioxidant  activity;  however,  the  lack  of  cyto¬ 
protection  by  other  antioxidants,  the  observation  of 
a  pronounced  effect  of  the  position  of  the  fluorine 
substituents  on  activity,  and  the  lack  of  a  structural 
requirement  for  the  catechol  moiety  indicate  that  the 
mechanism  of  cytoprotection  may  be  more  complex 
than  a  direct  antioxidant  effect  of  these  compounds. 
We  are  currently  conducting  studies  to  further  explore 
the  mechanism  responsible  for  cytoprotective  effects  of 
CAPE  and  its  derivatives. 


5.  Experimental 
5.1.  Materials  and  apparatus 

Chemical  reagents  6-fluoroveratraldehyde  (2d),  3-fluo- 
ro-4-hydroxy-5-methoxybenzaldehyde  (2a),  3-fluoro-4- 
methoxybenzaldehyde  (1),  boron  tribromide,  chloro- 
acetyl  chloride,  phenethyl  alcohol,  and  triphenylphos- 
phine  were  purchased  from  Aldrich  (Milwaukee, 
WI).  Phenethyloxycarbonylmethyl-triphenyl-phospho- 
nium  chloride  (4)  was  prepared  from  triphenylphos- 
phine  and  chloroacetic  acid  phenethyl  ester32  as 
described  in  the  literature.21*  Menadione  sodium 
bisulfite  (menadione)  and  DMSO  were  purchased 
from  Sigma  (St.  Louis,  MO).  All  solvents  were  of 
analytical  grade  and  distilled  prior  to  experiments. 
Thin-layer  chromatography  (TLC)  was  performed 
on  precoated  silica  gel  60  F254  aluminum  plates 
made  from  EM  SCIENCE  (Gibbstown,  NJ).  Flash 
chromatography  was  performed  on  silica  gel  column 
(230^100  mesh,  40-63  pm)  from  Fisher  Scientific 
(Pittsburgh,  PA). 

Melting  points  were  calculated  from  DSC-diagrams 
using  TA  Instruments  Model  2920  (New  Castle,  DE) 
with  a  heating  range  of  10  °C/min  and  rounded  to  whole 
numbers.  The  1 H  and  13C  NMR  spectra  were  recorded 
on  a  Bruker  AMX-500  or  Varian  Inova  500,  using 
CD3OD  or  CDCI3  as  solvents.  Chemical  shifts  are 
reported  in  ppm  (<5)  relative  to  tetramethylsilane 
(TMS)  as  internal  standard  for  1 H  NMR  and  in  ppm 
relative  to  the  solvent  for  13C  NMR.  Elemental  analyses 
were  performed  on  a  2400  Perkin-Elmer  Elemental  Ana¬ 
lyzer  by  Quantitative  Technologies  Inc  (Whitehouse, 
NJ).  Low-resolution  MS  data  were  obtained  using  Finn- 
igan  MAT  TSQ700  (San  Jose,  CA).  High-resolution  MS 
data  were  acquired  on  Micromass  ZABE  (Manchester, 
England). 


X.  Wang  el  al.  /  Bioorg.  Med.  Chem.  14  (2006)  4879-4887 


4885 


6.  Synthesis  of  CAPE  derivatives 

6.1.  General  procedure  for  demethylation 

6.1.1.  2-Fluoro-4,5-dihydroxybenzaldehyde  (2e).  Com¬ 
pound  2d,  2-fluoro-4,5-dimethoxybenzaldehyde 
(500  mg,  2.715  mmol),  was  dissolved  in  12  ml  CH2C12 
and  cooled  to  —70  °C  in  a  dry  ice/acetone  bath  under 
argon.  A  1M  solution  of  BBr3  in  CH2C12  (8.15  ml, 
8.15  mmol)  was  added  slowly  with  vigorous  stirring. 
The  reaction  mixture  was  stirred  overnight  without  fur¬ 
ther  cooling.  After  24  h,  MeOH  (10  ml)  was  added  to 
the  reaction  mixture  to  quench  excess  BBr3  and  the  sol¬ 
vent  was  evaporated.  This  process  was  repeated  two 
additional  times  and  the  crude  product  2e  was  used  in 
the  next  step  without  further  purification. 

6.2.  General  procedure  for  Wittig  reaction 

6.2.1. 3-(2-Fluoro-4,5-dihydroxyphenyl)-acrylic  acid  phen- 
ethyl  ester  (3e).  The  crude  2-fluoro-4,5-dihydroxybenzal- 
dehyde  (2e)  was  dissolved  in  7.5  ml  of  1,4-dioxane.  The 
phosphonium  chloride  4  ( 1 .7  g,  3.7  mmol),  7.5  ml  CHC13, 
and  KHC03  (815  mg,  8.15  mmol)  were  added.  The  reac¬ 
tion  mixture  was  heated  under  reflux  in  a  1 10  °C  oil  bath 
with  vigorous  stirring  under  argon  for  18  h.  The  resulting 
mixture  was  filtered,  washed  with  CH2C12,  and  concen¬ 
trated  on  a  rotary  evaporator.  Column  chromatography 
(EtOAc/CH2Cl2  (2:3,  v/v))  afforded  456  mg  (55%  yield) 
of  3e  as  a  white  solid:  mp  157  °C;  TLC  (Silica  gel, 
EtOAc/CH2CF  (2:3,  v/v)),  R{  0.45;  lH  NMR  (CD3OD) 
<5  2.97  (t,  7=  7.0  Hz,  2H),  4.35  (t,  7=  7.0  Hz,  2H),  6.26 
(d,  7  =  16.0  Hz,  1H),  6.54  (d,  7  =  11.7  Hz,  1H),  6.97  (d, 
J  =  7.2  Hz,  1H),  7.23  (m,  5H),  7.66  (d,  /  =  16.0  Hz,  1H); 
13C  NMR  (CD3OD)  <5  36.14,  66.22,  103.96  (d,  JC_F  = 
26.4  Hz),  113.82  (d,  7C  f  =  12.9  Hz),  114.02  (d,  JC_F  = 
3.9  Hz),  116.98  (d,  7C  f  =  5.4  Hz),  127.52,  129.48, 
129.95,  138.87  (d,  JC  F  =  3.5  Hz),  139.35,  143.39,  150.79 
(d,  Jc  k  =  11.9  Hz),  157.21  (d,  JC  F  =  245.1  Hz),  168.90; 
CI-MS  mlz  303  (MH+,  100).  HRCI-MS:  calcd  for 
C17H15F04;  303.1033.  Found  303.1023;  Anal.  Calcd  for 
C17H15F04:  C,  67.54;  H,  5.00;  F,  6.28.  Found:  C,  67.53; 
H,  4.97;  F,  6.18. 

6.2.2.  3-(3-Fluoro-4-hydroxy-5-methoxyphenyl)-acrylic 
acid  phenethyl  ester  (3a).  The  3-fluoro-4-hydroxy-5- 
methoxy-benzaldehyde  (2a,  200  mg,  1.18  mmol)  was 
used  directly  in  the  Wittig  reaction  to  afford  214  mg 
(57%  yield)  of  compound  3a  as  an  off-white  solid  after 
column  chromatography  and  recrystallization  from 
EtOAc/hexane:  mp  94  °C;  'H  NMR  (CDC13)  <5  3.02  (t, 
7=  7.0  Hz,  2H),  3.94  (s,  3H),  4.42  (t,  /=  7.0  Hz,  2H), 
6.28  (d,  7=16.1  Hz,  1H),  6.83  (d,  7=1.6Hz,  1H), 
6.95  (dd,  7  =  10.8,  1.8  Hz,  1H),  7.28  (m,  5H),  7.53  (d, 
J  =  16.1  Hz,  1H);  13C  NMR  (CDC13)  <5  35.23,  56.54, 
65.03,  106.03,  109.54  (d,  7C_F  =  19.2  Hz),  117.07, 
126.11  (d,  Jq-F  -  7.8  Hz),  126.60,  128.55,  128.92, 
135.38  (d,  7CF=13.9Hz),  137.88,  143.86,  148.30  (d, 
Jc  f  ~  6-2  Hz),  150.55  (d,  JC  F  =  242.6  Hz),  166.77; 
CI-MS  mlz  317  (MH+,  100).  HRCI-MS:  calcd  for 
C18H17F04;  317.1189.  Found  317.1184;  Anal.  Calcd 
for  C18H17F04:  C,  68.35;  H,  5.42;  F,  6.01.  Found:  C, 
68.24;  H,  5.36;  F,  5.98. 


6.2.3.  3-(3-Fluoro-4,5-dihydroxyphenyl)-acrylic  acid 

phenethyl  ester  (3b).  Demethylation  of  3-fluoro-4-hy- 
droxy-5-methoxy-benzaldehyde  (2a,  200  mg,  1.18  mmol) 
with  BBr3  (3  ml,  3  mmol)  afforded  crude  3-fluoro-4,5- 
dihydroxy-benzaldehyde  (2b),  which  was  used  in  the 
subsequent  Wittig  reaction  with  4  to  give  307  mg 
(86%  yield)  of  3b  as  an  off-white  solid  after  column 
chromatography  and  recrystallization  from  EtOAc/ 
CH2C12:  mp  135  °C;  :H  NMR  (CD,OD)  8  2.98  (t, 
7=7.0  Hz,  2H),  4.36  (t,  7  =7.0  Hz,  2H),  6.25  (d, 
/=  15.9Hz,  1H),  6.83  (t,  7=1.5Hz,  1H),  6.85  (d, 
7=2.0  Hz,  1H),  6.87  (d,  7  =2.0  Hz,  1H),  7.24  (m, 
5H),  7.45  (d,  7=  15.9  Hz,  1H);  13C  NMR  (CD3OD)  <5 
36.18,  66.22,  108.36  (d,  7C-F  =  19.8  Hz),  111.84, 

116.75,  126.62  (d,  7C_F  =  8.9  Hz),  127.55,  129.51, 
129.97,  137.36,  139.41,  145.92,  148.84  (d,  7C_F  = 
5.9  Hz),  153.43  (d,  7<^F  =  238.1  Hz),  168.76;  CI-MS 
mlz  303  (MH+,  100).  HRCI-MS:  calcd  for 

C17H15F04;  303.1033.  Found  303.1030;  Anal.  Calcd 
for  C17H15F04  +  1/4H20:  C,  66.55;  H,  5.09.  Found: 
C,  66.76;  H,  4.84. 

6.2.4.  3-(3-Fluoro-4-hydroxyphenyl)-acrylic  acid  pheneth¬ 

yl  ester  (3c).  Demethylation  of  3-fluoro-4-methoxy- 
benzaldehyde  (1,  200  mg,  1.30  mmol)  with  BBr3 
(3.3  ml,  3.3  mmol)  afforded  crude  3-fluoro-4-hydroxy- 
benzaldehyde  (2c),  which  was  used  in  the  subsequent 
Wittig  reaction  with  4  to  give  290.6  mg  (78%  yield)  of 
compound  3c  as  an  off-white  solid  after  column  chroma¬ 
tography  and  recrystallization  from  EtOAc/hexane:  mp 
80  °C;  'H  NMR  (CDC13)  <5  3.01  (t,  7=  7.1  Hz,  2H), 
4.42  (t,  7=  7.1  Hz,  2H),  6.27  (d,  7=  16.0  Hz,  1H),  6.98 
(s,  1H),  7.00  (s,  1H),  7.01  (s,  1H),  7.26  (m,  5H),  7.55 
(d,  7=  15.9  Hz,  1H);  13C  NMR  (CDC13)  <5  35.22, 
(40.48),  65.10,  114.72  (d,  7C-F  =  18.5  Hz),  116.83, 
117.71,  125.57  (d,  7C-F  =  3.1Hz),  126.60,  127.67  (d, 
7C-f  =  6.3Hz),  128.54,  128.94,  137.87,  143.66,  145.79 
(d,  7C-f  =  14.7  Hz),  151.16  (d,  7C  F  =  238.9  Hz), 

167.04;  CI-MS  mlz  287  (MH+,  100).  HRCI-MS:  calcd 
for  Ci7H1sFO,;  287.1083.  Found  287.1089;  Anal.  Calcd 
for  Ci7H15F03  +  1/4H,0:  C,  70.21;  H,  5.37;  F,  6.53. 
Found:  C,  70.02;  H,  5.27;  F,  6.50. 

6.2.5.  3-(2-Fluoro-4,5-dimethoxyphenyl)-acrylic  acid 
phenethyl  ester  (3d).  This  compound  was  a  co-product 
from  the  above  reaction  leading  to  compound  3f.  It 
was  isolated  as  69  mg  (6%  yield)  of  an  off-white  solid 
after  repeated  column  chromatography  and  recrystalli¬ 
zation  from  CH2Cl2/hexane:  mp  86  °C;  :H  NMR 
(CDC1,)  S  (ppm);  34)2  (t,  7=  7.1  Hz,  2H),  3.88  (s, 
3H),  3.89  (s,  3H),  4.43  (t,  7=  7.1  Hz,  2H),  6.36  (d, 
7=  16.1  Hz,  1H),  6.64  (d,  7=  11.6  Hz,  1H),  6.94  (d, 
7=  6.8  Hz,  1H),  7.26  (m,  5H),  7.78  (d,  7=  16.1  Hz, 
1H);  13C  NMR  (CDC13)  <5  (ppm):  35.24,  56.28,  56.40, 
64.99,  100.15  (d,  7C_F  =  28.0  Hz),  109.42  (d,  7C_F  = 
4.5  Hz),  113.46  (d,  7C  F  =  12.7  Hz),  117.64  (d,  7C_F  = 
6.0  Hz),  126.57,  128.53,  128.94,  137.17  (d,  7C_F  = 
3.0  Hz),  137.92,  145.65  (d,  7C_F  =  2.5  Hz),  152.01  (d, 
7C-f  -  10.2  Hz),  156.51  (d,  7C_F  =  248.8  Hz),  166.95; 
CI-MS  mlz  331  (MH+,  100).  HRCI-MS:  calcd  for 
Ci9H19F04;  331.1346.  Found  331.1354;  Anal.  Calcd 
for  Ci9H19F04  +  1/4H.O:  C,  68.15;  H,  5.87.  Found:  C, 
68.47;  H,  5.70. 
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6.2.6.  3-(2-Fluoro-4-methoxy-5-hydroxyphenyl)-acrylic 
acid  phenethyl  ester  (3f).  Partial  demethylation  of  2-fluo- 
ro-4,5-dimethoxy-benzaldehyde  (2d,  600  mg,  3.26  mmol) 
was  carried  out  with  one  equivalent  of  boron  tribromide 
(3.26  ml,  3.26  mmol)  to  give  crude  monomethyl-2-fluo- 
ro-4,5-dihydroxybenzaldehyde  (2f)  as  a  mixture  of  4- 
and  5-methyl  isomers  containing  some  unreacted  2d.  This 
mixture  was  used  directly  in  the  subsequent  Wittig  reac¬ 
tion  with  4  to  afford  42  mg  (4%  yield)  of  compound  3f 
an  of  off-white  solid  after  repeated  column  chromatogra¬ 
phy  and  recrystallization  from  CH2Cl2/hexanes:  'H 
NMR  (CDC13)  <5  3.01  (t,  7=  7.1  Hz,  2H),  3.89  (s,  3H), 
4.41  (t,  7=  7.1  Hz,  2H),  6.33  (d,  7  =  16.1  Hz,  1H),  6.61 
(d,  7  =  11.3  Hz,  1H),  7.05  (d,  7=  7.1  Hz,  1H),  7.26  (m, 
5H),  7.74  (d,  7  =  16.1  Hz.  1H);  13C  NMR  (CDC13)  <5 
35.23,  56.30,  65.02,  99.45  (d,  7C_F  =  28.5  Hz),  112.38  (d, 
JC-f  =  4.0Hz),  114.52  (d,  7C-F  =  13.2  Hz),  118.02  (d, 
/c-f  =  6.2  Hz),  126.56,  128.52,  128.96,  137.04  (d, 
JC  F  =  3.1  Hz),  137.93,  142.00  (d,  JC  F  =  2.5  Hz),  149.01 
(d,  7C-F  =  10.2  Hz),  155.76  (d,  JC  F  =  247.8  Hz),  167.01; 
CI-MS  mlz  317  (MH+,  100).  HRCI-MS:  calcd 

for  Ci8H17F04;  317.1189.  Found  317.1198;  Anal.  Calcd 
for  C18H17F04:  C,  68.35;  H,  5.42.  Found:  C,  68.04;  H, 
5.22. 

6.3.  Cell  culture 

Human  umbilical  vein  endothelial  cells  (Cascade  Biolo¬ 
gies,  Portland,  OR)  were  cultivated  on  1%  gelatin-coat¬ 
ed  75-cm2  culture  flasks  (Corning  Incorporated, 
Corning,  NY)  in  Medium  200  supplemented  with  2%  fe¬ 
tal  calf  serum,  penicillin  (100  U/ml),  streptomycin 
(lOOU/ml),  and  Fungizone  (0.25  pg/ml)  supplied  by 
Cascade  Biologies.  The  cells  were  cultivated  at  37  °C 
in  a  humidified  atmosphere  of  95%  air  and  5%  CO?  with 
medium  changes  every  2  days  until  confluent.  Prior  to 
an  experiment,  HUVEC  were  subcultivated  with  Tryp- 
sin/EDTA  onto  gelatin-coated  48-well  multiplates 
(Corning  Incorporated,  Corning,  NY)  at  5000  cells/ 
cm2,  grown  to  confluence,  and  kept  for  72  h  to  produce 
a  quiescent  cell  layer  closely  resembling  an  endothelium 
in  vivo.  On  the  day  before  the  experiment,  the  medium 
was  changed.  Only  the  second  through  fifth  passage  of 
the  cells  were  used. 

6.4.  Cell  viability  (Alamar  blue  assay) 

Stock  solutions  of  menadione  (0.5  M  in  PBS)  or  CAPE 
analogues  (lOOOx  in  DMSO)  were  diluted  in  culture 
medium  and  added  to  plate  wells  at  final  concentrations 
of  10M0  pM  and  cell  viability  was  assessed  at  24  h  after 
initiation  of  treatment  versus  vehicle  (PBS  or  DMSO) 
controls  using  Alamar  Blue™  (Biosource  International, 
Camarillo,  CA),  which  is  converted  to  a  fluorescing 
compound  in  amounts  proportional  to  the  number  of 
viable  cells.22  The  cells  were  incubated  for  2  h  at  37  °C 
with  culture  medium  containing  10%  Alamar  Blue™. 
After  incubation,  fluorescence  was  measured  at  545  nm 
excitation  and  590  nm  emissions  using  SpectraMAX® 
M2  microplate  reader  (Molecular  Devices,  Sunnyvale, 
CA).  HUVEC  were  also  regularly  observed  under  phase 
contrast  microscopy  and  images  were  captured  with  a 
digital  camera. 


6.5.  In  vitro  cytoprotection  assay 

Confluent  HUVEC  were  pretreated  with  CAPE  and  its 
derivatives  for  6  h.  Cytotoxic  dose  of  menadione  was 
then  added  to  the  HUVEC  in  the  presence  of  testing 
compounds  and  DMSO  as  vehicle  control.  After  24  h 
incubation,  cell  viability  was  measured  using  the  Alamar 
blue  assay. 

6.6.  Statistical  analysis 

Data  were  represented  as  means  ±  standard  deviation. 
Differences  among  the  groups  were  analyzed  using  the 
one-way  analysis  of  variance  combined  with  Tukey 
(equal  variances  assumed)  or  Games-Howell  (equal 
variances  not  assumed)  test.  A  difference  of  p  <  0.05 
was  considered  significant  for  all  statistical  analyses. 
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